ABSTRACT This paper presents observer-based active roll preview control with V2V communication. The preview controllers are designed with a future disturbance, transmitted lateral acceleration from preceding vehicles with V2V communication. For active roll control, two preview controllers-LQ and H ∞ ones-are designed with the linear roll model. Generally, it is hard to measure the roll angle in real vehicles. To estimate the roll angle, Kalman filter is adopted with the roll rate measurement. To filter the noises in the transmitted lateral acceleration, a moving average filter is adopted. To validate the proposed method, simulation is done on a vehicle simulation package. From the simulation, it is shown that the proposed method is effective in estimating the roll angle and in filtering the noises in the transmitted lateral acceleration.
I. INTRODUCTION
The aim of active roll control(ARC) is to reduce the roll angle and the roll rate caused by road profile or lateral acceleration for ride comfort and rollover prevention [1] . The disturbance in ARC is the lateral acceleration caused by excessive steering or severe cornering. So, the purpose of ARC is to attenuate an effect of lateral acceleration on the roll angle and the roll rate of vehicles. There have been two types of active actuators used for ARC: active suspension and active anti-roll bar (Active ARB) [2] . Semi-active actuators such as continuous damping control was not considered in this paper. In this paper, only the active ARB is used as an actuator for ARC.
There have been several researches on the control of ARC [3] - [7] . Most of these researches have used only feedback control with the roll angle and the roll rate. Generally, it is not easy to measure the roll angle of vehicles in real road environment. Moreover, a roll angle sensor is quite expensive. So, a state observer has been used to estimate the roll angle with the roll rate measurement [4] - [9] . In the previous research, LQG-LTR was adopted for estimating the roll angle with the roll rate measurement [4] . The open-loop observer was proposed to calculate the roll angle and roll rate with the lateral acceleration measurement [7] . Recently, neural networks and nonlinear observer have been adopted for roll angle estimation [8] , [9] . Generally, the roll rate can
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be measured by a sensor. Several types of the roll rate sensors have been published up to date [10] , [11] . With the measurement of the roll rate, the roll angle can be estimated using Kalman filter. Following the idea in the previous researches, the discrete-time Kalman filter is adopted for roll angle estimation in this paper.
Compared to the feedback control as PD-control and linear quadratic regulator (LQR) used in ARC, the feedforward control with the measured lateral acceleration has been adopted in a small number of researches [12] , [13] . Once the feedforward control is used with the lateral acceleration, it outperformed the feedback control. Thus, it is desirable to use the feedforward control as much as possible for ARC. Typical approach that uses the feedforward control from measured disturbances is preview control. Preview control uses the feedforward control input with measured future disturbances to enhance performance of control system. Typical case of preview control is active suspension control for ride comfort and cornering [14] . However, in previous works, the preview control has not been applied to ARC because the future lateral acceleration cannot be measured or estimated. Recent researches in intelligent transportation technologies (ITS) make vehicles communicate with other through V2V communication. With V2V communication, a vehicle can get the future lateral acceleration from preceding ones. With the future distances, preview control can be applied as shown in [12] - [15] . Rahman and Rideout applied the LQ optimal preview control to active suspension control for ride comfort with the future road profile transmitted from the leading vehicle in vehicle convoy [14] . Yim applied LQ optimal preview control to yaw and roll motion control for vehicle stability and active roll stabilization [12] , [13] . In those previous works, V2V communication was adopted to obtain the future disturbances such as the road profile or the lateral acceleration in the following vehicles.
Active roll preview control uses the lateral acceleration data, which are transmitted from the preceding vehicles through V2V communication [12] , [13] . Under actual vehicle driving conditions, there are a large amount of noises on the transmitted lateral acceleration. There are two types of noise sources in the lateral acceleration data. The first type of noise source is the on-board sensors in actual vehicles. It is well-known that signals obtained from commercial sensors installed on passenger cars has a large amount of noises [16] . So, in general, the filtered lateral acceleration signal has been used for control purpose. The second type of noise source is the packet loss and the signal distortion in communication.
According to the previous work [17] , the packet loss rate drastically increases as the transmission rate and the packet size do. In preview control, the noises in the future disturbances have a large effect on the control performance. In other words, the feedforward control input is directly affected by the noises in the future disturbances. So, it is necessary to filter the noises. For the purpose, a moving average filter is adopted in this paper.
In summary, the contributions of this paper are to apply a discrete-time Kalman filter to estimate the roll angle with roll rate measurement and to filter a noisy lateral acceleration transmitted between vehicles with a moving average filter. This paper is divided into the following parts. In section 2, two preview controllers -LQ and H ∞ preview controllersare designed with linear model. In section 3, the method of constructing a future disturbance with V2V communication is presented. The discrete-time Kalman filter (DTKF) is designed to estimate the roll angle, and a moving average filter is applied to filter noises in the transmitted lateral acceleration. In section 4, simulation is done with the designed observer-based preview controllers on a vehicle simulation package, CarSim. The conclusion is presented in Section 5. 
II. DESIGN OF ACTIVE ROLL PREVIEW CONTROLLERS A. DERIVATION OF AUGMENTED STATE-SPACE EQUATION
To design a controller for roll motion in this paper, 1-DOF linear model, as shown in Fig. 1 , is used [7] , [12] , [13] . This simple model describes the roll motion of a vehicle. The control input is the control roll moment M φ acting on the front and rear axles, generated by an active ARB. The disturbance is the lateral acceleration a y that causes the roll motion of a vehicle. The equation of the motion is derived as (1) . With the definition of state vector (2), the continuoustime state-space equation is derived as (3) . The discrete-time state-space equation (4) can be obtained by discretizing (3) with the sampling time T s [12] , [13] .
(1)
Let the preview interval T p , which is defined as p · T s . Let (k) be the vector of the measured a y at future instant k, as presented in (5) . The state-space equation of (k) can be derived as (6) . In (6), the definitions of the matrices and can be found in [12] . When designing a preview controller, it is convenient to use the augmented state vec-
With the definition of σ (k), the augmented state-space equation is derived as (7) [15] .
B. DESIGN OF LQ OPTIMAL PREVIEW CONTROLLER
LQ optimal control is the most common method in designing a preview controller [12] - [15] . LQ cost function J for the roll motion control is given as (8) . The weights ρ i of J are set by ρ i = 1/η 2 i , where η i represents the maximum allowable value of each weight in J [13] .
The LQ cost function (8) can be converted into the following form:
where
LQR is obtained as the form of the full-state feedback control: M φ (k) = −K LQR x(k). To use full-state feedback controller, it is necessary to measure the state variables. It is not difficult to measure the roll rate. However, the roll angle is hard to measure. So, it should be estimated with some observers. For the purpose, a discrete-time Kalman filter (DTKF) is used for the purpose of estimation in this paper.
Following the definition of the augmented state vector σ (k), the LQ cost function (9) should be converted to (10) . The LQR with the augmented system (7) and the converted LQ cost function (10) is obtained as (11) .
The gain K LQ of LQ optimal preview controller can be obtained from Riccatti equation. In (11), K LQ,FB and K LQ,FF represent the feedback and feedforward gains, respectively. The notable feature is that the feedback gain of LQ preview controller, K LQ,FB , is identical to that of LQR, K LQR .
C. DESIGN OF H ∞ OPTIMAL PREVIEW CONTROLLER
H ∞ control has been known as a disturbance attenuation controller. So, it is relevant to ARC under the lateral acceleration. The discrete-time H ∞ preview controller is designed in this paper.
With the feedback control M φ (k) = K ∞ x, the L 2 gain for the system (4) is said to be attenuated by γ if the following condition is satisfied.
To find the feedback controller gain K ∞ which can give the minimum γ , the linear matrix inequality (LMI) (13) is adopted [18] , [19] . From the solutions Y and Z obtained by solving LMI optimization problem (13), the feedback controller gain K ∞ is derived as K ∞ = ZY −1 . If the identical form of LMI is applied to the augmented system (7), the H ∞ preview controller can be derived, which has the same structure as (11) . The notable feature is that the feedforward gain of LQ and H ∞ optimal controllers are identical, K LQ,FF as given in (11) . This is natural because the LQ objective function, (9) , is used as the performance measure (12) of 
III. OBSERVER DESIGN AND NOISE FILTERING A. NECESSITY OF NOISE FILTERING
Recently, commercial sensors have been published for roll rate measurement. Fig. 2 shows the lateral acceleration and roll rate measured from HG1120 of HoneyWell Aerospace on a double lane change maneuver. The sampling time of HG1120 is 20ms. In Fig. 2 , the red line shows the signals measured with the sampling time of 20ms. The blue line shows the signals down-sampled with the sampling time of 100ms. As shown in Fig. 2 , the original lateral acceleration signal is quite noisy. On the other hand, the down-sampled signal of that is less noisy. However, the down-sampling has been not recommended because it make an original signal lose useful information. So, the original signal, not the down-sampled one, should be filtered for control purpose. used to predict and prepare for situation in a few seconds. In case of roll motion control, the upcoming lateral acceleration data from a preceding vehicle can be utilized for preview control. From the preceding vehicle, position information and lateral acceleration measured by high-precision DGPS and an accelerometer, respectively, are transmitted to the following vehicles. The measured position data, i.e., the points, are on the trajectory of the preceding vehicle. Using the preceding vehicle position, the inter-point distances d can be acquired on the following vehicle. Thus the cumulative distances, c i in Fig. 3 , from the current position of the following vehicle to i-th position on the trajectory of the preceding one can be known, as given in (14) . For each c i , the transmitted lateral acceleration a y,i from the preceding vehicle is marked in Fig. 3 . In this paper, the marked a y,i is defined as distancebased lateral acceleration.
In (15) , s p stands for a query point for interpolation, while v(k) stands for speed of the following vehicle at k-th step. As shown in (15) , the gap between query points equals to v(k)-T s assuming that v(k) is constant during the preview time T p . Linear interpolation, i.e., distance-based interpolation [12] , [13] which has been adopted to resample the timebased lateral acceleration from the distance-based should be done for each sampling time T s . With the distance-based interpolation, the preview controller can treat the change of vehicle speed. Further, the distance-based interpolation can treat circumstances with packet losses of V2V communication. The influence of the packet loss in V2V has been investigated in the previous research [15] .
Generally, the transmission rate of V2V communication is set to the maximum among the sampling rates of sensors and the transmission rate of the communication device. For example, the sampling rates of a gyroscope, an accelerometer and a GPS are assumed to be 20ms, 10ms and 100ms, respectively. The transmission rate of a commercial device is 20ms [20] . Then, the transmission rate is to be set to 100ms, which is the maximum of these devices. As a result, the signal from a gyroscope and an accelerometer should be downsampled with the sampling rate of 100ms. This means the information loss.
To transmit the original signal without information loss, signals with the high sampling rate is grouped according to low sampling rate, and the group is transmitted via V2V communication. For example, 10 consecutive signals of the lateral acceleration are grouped according to the sampling rate 100ms of GPS. After receiving the group signal, it can be easily constructed to the original one. Fig. 4 illustrates this method. 
C. NOISE FILTERING ON THE TRANSMITTED LATERAL ACCELERATION
Generally, there are a lot of filters used for noise filtering. In this paper, a simple moving average filter is used for noise filtering. Generally, a noise filtering is applied in realtime manner. As a result, it causes a time delay in filtered signals. When using V2V communication, there is a period of traveling time until the actual disturbance measured in the preceding vehicle is applied to the following one. So, a noise filtering on the transmitted signal can be done during the period. Consequently, there are no delays in filtering the signal. Fig. 5 shows the original and the filtered lateral acceleration signals. The original signal was transmitted from the preceding vehicle which did a double lane change maneuver [12] , [13] . In Fig. 5 , the original signal is represented by the red line. White noise with the variance of 1e-6 has been added into the original signal, which is represented by the blue line. Fig. 5-(b) shows the filtering results of the moving average filter with the filter length of 30. As shown in Fig. 5-(b) , there are no delays in the filtered lateral acceleration, and it is good enough to be used for preview control.
D. DESIGN OF ROLL ANGLE ESTIMATOR
In this subsection, a state estimator or Kalman filter is designed to estimate the roll angle with the roll rate measurement. The state-space equation (4) is used for Kalman filter design. In the equation of motion (1), the most important parameters are the roll stiffness K φ and the roll damping B φ . These parameters have been identified from experimental data by the optimization procedure, given in [7] . Because the measurement for the Kalman filter is the roll rate, the output equation is given in (16) . In (16) , w(k) and v(k) are a zeromean white-noise processes of system uncertainty and measurement noise, respectively. The corresponding covariance matrices are given in (17) .
The discrete-time Kalman filter (DTKF) has the form of the time and measurement updates, as given in (18) and (19), respectively. The covariance matrices of system uncertainty and measurement noise are used to tune the performance of the Kalman filter. For example, if W is set to large values, then the Kalman filter emphasizes more the sensor measurement than the system dynamics. On the other hand, if V is set to large, the Kalman filter emphasizes more the system dynamics than the sensor measurement. With the state estimator, the state vector x(k) is replaced with the estimated one,x (k), in the preview controllers.
The signal from the roll rate sensor is noisy. In the case, the control input is directly influenced by the noise because of the full-state feedback control. So, it should be filtered. In this paper, Kalman filter with constant velocity model (KFCVM) is adopted for noise filtering. The discrete-time state-space equation of constant velocity model is given in (20) . In (20) , x(k) is the displacement. In (20) , χ(k) and ζ (k) are the vectors of white-noise processes representing the system uncertainty and measurement noise, respectively. The covariance matrices of the system uncertainty and measurement noise are given in (21) . The tuning parameters of the Kalman filter are the variances σ 2 p and σ 2 r of the system uncertainty and measurement noise, respectively.
IV. SIMULATION
In this section, simulation was done on CarSim to evaluate three preview controllers, the roll angle estimator and 1 st -order exponential smoothing filter. The parameters of the linear roll model were obtained from CarSim, as presented in Table 1 . The weights in J and the variances of system uncertainty and measurement noise are given in Table 2 and Table 3 , respectively. The sampling time and the preview interval of the preview controllers were set to be 10ms and 1sec, respectively. This means the preview length is 101. Three preview controllers and the roll angle estimator were implemented on MATLAB/ Simulink. The gain matrices of LQ and H ∞ preview controllers are given in (22) . The values of feedforward gain are given in Fig. 6 . As mentioned earlier, two preview controllers use identical feedforward gains. As shown in Fig. 6 , the feedforward control has little effect on the preview control over 10 preview steps with the sampling time of 10ms. In other words, it is enough to use the feedforward control with the preview period of 100ms under the sampling time of 10ms.
K LQ,FB = 61407 6514
The simulation scenario was the closed-loop steering with a driver model on the moose test track [12] , [13] . The driver model, given in CarSim, was used in the simulation. The initial vehicle speed was set to 80km/h or 22.2m/s, and the tire-road friction coefficient was set to 0.6. The vehicle loses its lateral stability if no yaw motion controllers are applied. So, this is a severe double lane change maneuver. As pointed in the previous work, the yaw and roll motion controllers can be designed separately [21] . So, the integrated chassis control (ICC) with electronic stability control (ESC) and active front steering (AFS) was implemented [22] . The active ARB was adopted as an actuator for roll moment generation. The actuator model for active ARB was the first-order system with the time constant of 0.05. The simulation interval was set to 10secs. 
A. PERFORMANCE EVALUATION OF ROLL ANGLE ESTIMATOR
In this subsection, the performance of the roll angle estimator is evaluated on CarSim. LQR and H ∞ feedback controllers are applied for active roll control. For realistic simulation, a white noise with the variance of 1e-7 is added to the roll rate signal. For noise filtering, KFCVM is applied to the roll rate signal. Figs. 7, 8, and 9 show the simulation results, the estimation results of control inputs of feedback controllers, respectively. As shown in Figs. 7 and 8, H ∞ controller gives the best result for ARC. However, there is chattering in control roll moments, as shown in Fig. 9 . In spite of that, there is no chattering in the response of the roll angle and the roll rate for H ∞ controller. This is caused by the fact that the roll motion has slow dynamics. As shown in Fig. 9 , the roll angle estimator gives good estimation results under the measurement noise in the roll rate signal. From these results, it can be concluded that the discrete-time Kalman filter gives good performance in estimating the roll angle.
B. PERFORMANCE EVALUATION OF PREVIEW CONTROLLERS
In this subsection, the performance of three preview controllers is evaluated. The lateral acceleration measured on a preceding vehicle is transmitted to a following one [12] , [13] . Fig. 10 shows the lateral acceleration and the vehicle speed measured on the preceding vehicle. The initial inter-vehicle gap was set to 22.2m. To resample the previewed disturbances according to the speed change, the distance-based interpolation on the following vehicle was applied. The transmission interval of V2V communication device was set to 100ms.
Figs. 11 and 12 show the roll angles and roll rates for each preview controller with and without filtering on the transmitted lateral acceleration, respectively. Fig. 13 shows the performance of the roll angle estimator for cases with filtering and without filtering. Fig. 14 shows the control roll moments of feedback and feedforward parts. In Fig. 14 , the legends FB and FF represent the feedback and feedforward control inputs, respectively. As shown in Fig. 14 , the feedforward inputs of three preview controllers are identical because of the same feedforward gain.
As shown in Figs. 11 and 12 , the relative performances of two preview controllers are similar to those in the cases with filtering and without filtering. As mentioned in the previous subsection, this can be explained by the fact that the roll motion has slow dynamics. So, it plays a role of low-pass filter against the high-frequency inputs. Performance of the state estimator is good regardless of the cases with filtering and without filtering, as shown in Fig. 13 . However, there are chattering for the case without filtering on the lateral acceleration. The chattering in the roll rate is more severe than that in the roll angle. This can be explained by the fact that the noise in the lateral acceleration has a direct effect on the feedforward input, as shown in Fig. 14 . As shown in Fig. 14-(a) , in the case without filtering, the feedback inputs fluctuate according the noisy feedforward inputs. On the other hand, this is reduced by filtering the transmitted lateral acceleration, as shown in Fig. 14-(b) . Table 4 and 5 show the maximum absolute values of the roll angle, the roll rate and the control roll moment of the simulations as shown in Figs. 11, 12 and 14, respectively. As shown in these results, the roll angle and roll rate of the vehicle can be reduced by three preview controllers. Moreover, the maximum control roll moments are reduced by filtering on the transmitted lateral acceleration, compared to the case without filtering. Among these three preview controllers, the H ∞ preview controller shows the best performance. However, the control roll moment calculated by H ∞ the preview controller is larger than that of the other two controllers, as shown in Table 4 and 5.
V. CONCLUSION
In this paper, the discrete-time Kalman fitler with the roll rate measurement was adopted as a roll angle estimator for ARC. With the transmitted lateral acceleration from preceding vehicles, two preview controllers -LQ and H ∞ ones -for ARC were designed for better control performance. To filter the transmitted lateral acceleration form preceding vehicles, a moving average filter without delays was applied. To investigate the performance of the designed controllers, simulation via CarSim has been conducted. The results of the simulation show that the roll angle estimator was good enough to be applied to real vehicles, and that the filtering on the transmitted lateral acceleration has reduced the magnitude of the control roll moment. In this research, parameters e.g., mass and inertia were regarded as a fixed constant. Future work will include parameter estimation and validation via real vehicle driving. Additionally, performance of the proposed roll angle estimator will be investigated via real vehicle, compared to GPS/IMU data. 
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